Kinorhyncha is a group of benthic, microscopic animals distributed worldwide in marine sediments. The phylum is divided into two classes, Cyclorhagida and Allomalorhagida, congruent with the two major clades recovered in recent phylogenetic analyses. Allomalorhagida accommodates more than one-third of the described species, most of them assigned to the family Pycnophyidae. All previous phylogenetic analyses of the phylum recovered the two genera within Pycnophyidae, Pycnophyes and Kinorhynchus, as paraphyletic and polyphyletic. A major problem in these studies was the lack of molecular data of most pycnophyids, due to the limited and highly localized distribution of most species, often in the Arctic and the deep-sea. We here overcame the problem by adding a morphological partition with data for 79 Pycnophyidae species, 15 of them also represented by molecular data. Model-based analyses yielded seven clades, which each was supported by several morphological apomorphies. Accordingly, Kinorhynchus is synonymized with Pycnophyes and six new genera are described for the remaining recovered clades: Leiocanthus gen. nov., Cristaphyes gen. nov., Higginsium gen. nov., Krakenella gen. nov., Setaphyes gen. nov. and Fujuriphyes gen. nov.
Introduction
Kinorhyncha comprises around 210 described species of marine meiobenthic metazoans distributed worldwide (Sørensen, 2013) . The phylum belongs to the Ecdysozoa, as part of the Scalidophora (Dunn et al., 2014) . All kinorhynchs have a similar external morphology with an elongated body divided into three regions, namely head, neck and trunk. The head is formed by an eversible introvert with appendages, named scalids, arranged in concentric circles around a protrusible mouth cone. The neck consists of a variable number of plates called placids, which vary in number according to the genus and enclose the retracted introvert. The trunk is elongated and consists of 11 segments in adult specimens, either forming closed rings or being composed of dorsal and ventral plates (Higgins, 1990; Adrianov and Malakhov, 1999; Sørensen and Pardos, 2008) .
Kinorhynchs were traditionally accommodated in 23 genera (Sørensen, 2013; S anchez et al., 2014a; Sørensen et al., 2015) assigned to the orders Homalorhagida (Zelinka, 1896; Chitwood, 1951) and Cyclorhagida (Zelinka, 1896; Higgins, 1964 Higgins, , 1990 Adrianov and Malakhov, 1999) . During the last decade collaborative studies have led to a series of molecular phylogenetic analyses based on ribosomal genes (Dal Zotto et al., 2013; Yamasaki et al., 2013) . These analyses recovered two large clades in overall consistency with Homalorhagida and Cyclorhagida, except for the position of the cyclorhagid genus Dracoderes Higgins and Shirayama, 1990 , which together with the newly described genus Franciscideres Dal Zotto et al., 2013 and a yet undescribed genus, grouped with the remaining homalorhagids. The paraphyly of Cyclorhagida was recently corroborated after a combined analysis of morphological and molecular data, which forced a revision of kinorhynch systematics (Sørensen et al., 2015) . The new kinorhynch classification keeps the traditional names whenever possible, maintaining the names after a group redefinition when just a single or very few taxa were shifted; and establishing new ones when the group composition differs considerably from the original. The phylum is now divided into the classes Cyclorhagida Zelinka, 1896 and Allomalorhagida Sørensen et al., 2015;  with the latter accommodating the homalorhagid genera Paracentrophyes Higgins, 1983 , Neocentrophyes Higgins, 1969 , Mixtophyes S anchez et al., 2014 , Pycnophyes Zelinka, 1907 and Kinorhynchus Sheremetevskij, 1974 , together with the genera Dracoderes and Franciscideres (Sørensen et al., 2015) . Whereas these analyses resolved the relationship amongst the major clades within Kinorhyncha, they posed several new questions regarding the internal relationships within some of them, especially those corresponding to the two largest kinorhynch families, namely Echinoderidae B€ utschli, 1876 and Pycnophyidae Zelinka, 1896. Pycnophyidae is the second largest family of Kinorhyncha with one-third of the all described species. Pycnophyidae includes the genera Pycnophyes, with 56 species, and Kinorhynchus, with 19 species, making them the second and third most diverse genera of the phylum, respectively (Neuhaus, 2013; Sørensen, 2013; S anchez et al., 2014b) . Pycnophyidae is defined by the presence of one dorsal (tergal) and three ventral (sternal) plates on segment 1, followed by one tergal and two sternal plates on all subsequent segments. Pycnophyes differs from Kinorhynchus by possessing a pair of large lateral terminal spines on segment 11, which is absent in Kinorhynchus. The absence of lateral terminal spines is a highly conspicuous character, only shared with the two described species of Neocentrophyes (Higgins, 1990; Adrianov and Malakhov, 1999; Sørensen and Pardos, 2008) . However, although all phylogenetic analyses recovered Pycnophyidae as a well-supported clade within Allomalorhagida, they failed to recover Pycnophyes or Kinorhynchus as monophyletic, suggesting several losses of the lateral terminal spines within Pycnophyidae (Dal Zotto et al., 2013; Yamasaki et al., 2013; Sørensen et al., 2015) . Prompted by the apparent paraphyly/polyphyly of Pycnophyes and Kinorhynchus, a new systematic arrangement for the family would be desirable.
Despite the increased sampling effort by various researchers, the number of sequenced species of Pycnophyidae is still very low. This is not only due to the inherent difficulties of getting good quality sequences from small animals, but mainly due to the low abundances of many species and the restricted distribution areas of many pycnophyids, which are often exclusively known from single collections, for example in the polar regions, deep-sea or even in the stomach content of a shrimp (Adrianov and Malakhov, 1999; Martorelli and Higgins, 2004; , 2014a .
To overcome these problems, we here analyse a combined dataset compiling all available information with potential phylogenetic significance for the family. Our dataset includes three molecular markers for 15 species and 98 morphological characters for all 75 described and four undescribed pycnophyids, obtained from reexamination of all the available type material, literature sources and new collections. This approach was adopted to further resolve the relationships within the Pycnophyidae, even though the inclusion of species represented only by morphological partition produced a substantial amount of missing data affecting the nodal supports in certain analyses. However, we consider it crucial at this point to provide a new systematic arrangement for the family, providing phylogenetic classification criteria of the increasing numbers of newly discovered species in forthcoming surveys.
The goals of this study are as follows: (i) to test the monophyly of Pycnophyes and Kinorhynchus with molecular and combined data, examining the effect of alignment on the final topologies; (ii) to further explore the relationships of the Pycnophyidae including all described species represented by the morphological partition; and (iii) search for morphological apomorphies that justify the erection of each of the major recovered clades as new genera.
Material and methods

Taxon sampling and selection
Kinorhynchs were collected from subtidal sediment samples dredged with a Higgins meiobenthic dredge (Higgins, 1966; Higgins and Thiel, 1988) and extracted alive using the bubbling and blot method (Higgins and Thiel, 1988; Sørensen and Pardos, 2008) (Tables 1  and 2 ). Specimens used for molecular sequencing were sorted alive and preserved in 100% ethanol. Additional material used for morphological coding was fixed in 4% formalin (see Tables 1 and 2) .
The sequences used in the study were obtained from newly and some previously collected specimens. Hologenophore vouchers were designated (Table 1) . Compared with larger animals (J€ orger et al., 2012; Mart ınez et al., 2013; Di Domenico et al., 2014; Scarpa et al., 2015) , DNA extraction from kinorhynchs requires use of the entire animal. However, we followed the procedure developed by Yamasaki et al. LM, light microscopy examinations on fixed material; lost, type material does not exist; n.a.loan, type material not available for loan; n.r., type material not required for the study because we are using the hologenophore for the coding; SEM, scanning electron microscopy examinations. Details of the microscopic techniques and main references used for the coding are included. *Material collected from the type locality.
(2013), which preserves an intact cuticle of the specimens after DNA extraction, allowing it to be used as a morphological voucher and obtaining molecular and morphological data from the same individual. Sequence data of Kinorhynchus giganteus Zelinka, 1928 , Pycnophyes communis Zelinka, 1908 , Pycnophyes greenlandicus Higgins and Kristensen, 1988 , Pycnophyes kielensis Zelinka, 1928 , Pycnophyes oshoroensis Yamasaki et al., 2012 , Pycnophyes sp. 2012a and Pycnophyes sp. 2012b were acquired from GenBank. The 18S rRNA gene sequence available for Pycnophyes beaufortensis Higgins, 1964 (Accession No. EU669457) was discarded as it was a short fragment only, and obtained from specimens collected far from the known distribution area of the species, without designation of vouchers that allow us to confirm its identification (Giribet et al., 2004) .
Eight species were designated as outgroups: the cyclorhagids Echinoderes rex Lundbye et al., 2010 and Echinoderes sensibilis Adrianov et al., 2002 , as well as all the described Neocentrophyidae: Mixtophyes abyssalis S anchez , Neocentrophyes intermedius Higgins, 1969 , Neocentrophyes satyai Higgins, 1969 , Paracentrophyes anurus Sørensen et al., 2010a , Paracentrophyes quadridentatus Zelinka, 1928 and Paracentrophyes praedictus Higgins, 1983 . Morphological data were coded for all of them whereas molecular sequences were only available for E. rex, E. sensibilis, Paracentrophyes anurus and Paracentrophyes quadridentatus.
DNA extraction and amplification
Total genomic DNA was extracted from each specimen using a DNeasy Tissue Kit (Qiagen, Tokyo), following the protocol of Yamasaki et al. (2013) . After DNA extraction, the exoskeleton of each specimen was picked up and used as hologenophore. Nuclear 18S rRNA (18S), 28S rRNA (28S) genes, and the mitochondrial cytochrome c oxidase subunit I gene (COI) were amplified by PCR using the primer sets listed in Table 3 . PCR conditions were the same as those in Yamasaki and Fujimoto (2014) . All nucleotide sequences were determined by direct sequencing with a BigDye Terminator Kit ver. 3.1 (Life Technologies, Carlsbad, CA, USA) and a 3730 DNA Analyzer (Life Technologies). The sequence fragments were assembled using MEGA 5 (Tamura et al., 2011) . After assembly, the sequences were deposited in GenBank (see Table 1 ).
Morphological investigations and morphological matrix
Light microscopy (LM) observations were done on hologenophore vouchers and additional specimens. These were dehydrated through a graded ethanol series, transferred to 100% glycerin and mounted in Fluoromount G. Whole mounts were examined using an Olympus BX51 light microscope equipped with differential interference contrast optics. Scanning electron microscopy (SEM) examinations were performed on specimens that were dehydrated through a graded ethanol series, transferred to 100% acetone and critical-point dried. The dried specimens were then mounted on aluminium stubs, sputter coated with platinum and examined with a JEOL JSM-6335 field emission SEM.
The morphological matrix included 98 characters (75 absence/presence, 23 multistate) coded for 87 taxa (79 pycnophyid species as ingroup and the eight as outgroup) (Table S1 ). The data matrix was compiled in Mesquite ver. 3.0.1 (Maddison and Maddison, 2007) and uploaded in MorphoBank (Accession No. P2313).
The morphological characters were preferably coded after the hologenophore vouchers (13 species) or otherwise after the type material (41 species). The vouchers for Pycnophyes oshoroensis and Pycnophyes sp. 2012b were lost during preparation, and hence morphological information for these species was obtained from specimens collected together with those used for DNA extraction. Vouchers for the GenBank sequences of Kinorhynchus giganteus, P. communis, P. greenlandicus and P. kielensis were not designated in the original studies (Aleshin et al., 1998; Giribet et al., 2004; Dal Zotto et al., 2013) . The morphology of P. greenlandicus was coded after the type material; K. giganteus, P. communis and P. kielensis were coded after newly collected material from their respective type localities as the type material of these species was lost during the Second World War. This was also the case for the type material of the following species, which were coded after the vouchers designated in this study: Paracentrophyes quadridentatus, Pycnophyes dentatus Reinhard, 1881, Pycnophyes flaveolatus Zelinka, 1928 , Pycnophyes ponticus Zelinka, 1928 , Pycnophyes robustus Zelinka, 1928 , Pycnophyes rugosus Zelinka, 1928 and Pycnophyes zelinkaei Southern, 1914 . The voucher of Pycnophyes sp. 2012a and the additional specimens of Pycnophyes sp. 2012b, Pycnophyes sp. nov. 4 and Pycnophyes sp. nov. 5 will become type material after the description of the species (N. S anchez and H. Yamasaki, unpublished data). Pycnophyes carinatus Zelinka, 1928 was coded after newly collected material from the Iberian Peninsula, as its type material has been lost. The remaining 25 species included in the study were coded from literature sources because type material of 23 species was not available for loan and the type materials for Pycnophyes calmani Southern, 1914 and Pycnophyes maximus Reimer, 1963 do not exist. A detailed list of the material investigated for each species, the microscopy methods and references used for coding is provided in Table 2 .
Morphological characters were coded as bistate or multistate. Character definitions, and details about coding and character states are provided in Appendix S1 (several features of the family are shown in Figs 1 and 2). Linked characters were coded hierarchically following the principles of "c-coding" (Pleijel, 1995) . Each character was coded as "presence/ absence" and linked traits were subsequently coded as independent multistate characters. We discriminated between inapplicable and missing data (coded as question marks in our matrix) to facilitate the evaluation of our character coding even though the analysis treated them equally. Continuous characters (total trunk length, maximal sternal width/total trunk length) were coded as categorical by defining six and four consecutive states and analysed as unordered (Kitching et al., 1998; Wiens, 2001; Mart ınez et al., 2015) . Several coding methods for morphological characters have been proposed, all of them with problems related to character linkage, hierarchical dependency, missing values and information content (Pleijel, 1995; Wilkinson, 1995; Kitching et al., 1998; Lipscomb et al., 1998) . The problems associated with the "c-coding" are the effect of "inapplicable" characters on the tree topology and the hierarchical coding that might inflate the nodal support for certain clades. Given that the problem remains open and "c-coding" is widely accepted (Worsaae, 2005; Di Domenico et al., 2014; Mart ınez et al., 2015) , this method is also adopted for the present study.
Several additional characters were considered during some of our preliminary analyses, but they were finally excluded from the final matrix because they were only available for a few species. These characters included the presence of different juvenile stages, the distribution of the introvert trichoscalids by sectors, number of dorsal sensory spots by segment, the presence of cuticular tufts surrounding the penile spines, the presence of ornamentation on the lateral terminal spines, the number of canals at the base of each of the lateral terminal spines, the presence of cuticular ornamental wrinkles, and presence and number of cuticular ridges.
Other characters considered in previous taxonomic studies on Pycnophyidae (e.g. by Zelinka, 1928; Higgins, 1983; Sørensen et al., 2012; Yamasaki et al., 2012; S anchez et al., 2013 , 2014a were discarded due to their subjectivity or because they exhibited a continuous range of variation. Some of these characters are, for example: shape of the anterior dorsal margin (varying continuously between the proposed strongly denticulate and serrated character states), the anterior ventral segment ornamentation of midsternal plate (difficult to discriminate between straight, rounded or heart-shaped), ornamentation in the anterior dorsal area of segment 1 (varying between smooth and reticulated), cuticular surface along the entire trunk (either covered by scattered hairs or scale-like hairs, indistinguishable under LM), presence of (a) intracuticular pores along the surface (character only visible with LM and rarely mentioned in the literature) and shape of the posterior ventral margin of segment 10 (character states pointed/rounded vary continuously). Finally, a few sexually dimorphic characters were not considered under a single character but divided into specific characters for males and females. Some of these characters turned out to be non-informative and were subsequently removed (e.g. a character regarding the presence/absence of ventrolateral setae on segment 2 in females). Additionally, uninformative characters were also deleted, such as the presence/absence of lateroventral setae on segments 6 and 8, which are present in all species of the family and therefore not informative in our analyses.
Phylogenetic analyses
Morphological data were available for 87 species, including 79 Pycnophyidae and eight outgroup taxa. Molecular data were obtained for 19 taxa (15 ingroup taxa, four outgroup taxa). Molecular and morphological partitions were analysed independently and as two different combined datasets: a restricted dataset, which included only the species represented by both molecular and morphological partitions (19 species); and a total dataset, which gathered all the available information for the 87 terminals.
The morphological partition was analysed independently under static homology by parsimony, whereas the molecular, combined and total datasets were analysed under model-based methods (maximum likelihood (ML) and Bayesian inference (BI)), as well as dynamic homology and parsimony (except for the total dataset). Details of each of the analyses are provided below.
Maximum parsimony analyses. The morphological data were analysed under parsimony using the software PAUP ver. 4.0b10 (Swofford, 2003) . The 98 characters were equally weighed and treated as unordered. Heuristic searches started with 100 Wagner trees and continued with timed searches using the branch-swapping algorithm of tree bisection reconnection (TBR). Nodal support was estimated via Jackknife analysis with 37% of deletions for a + 50% majority-rule consensus tree. Alternative analyses treating characters 15, 16 and 17 (composition of segments 1, 2 and 11) as ordered were performed, yielding very similar topologies and support values.
A dynamic homology approach was applied to the molecular and combined datasets using the software POY ver. 4.1.2. (Wheeler et al., 2006; Var on et al., 2010) . The sequences of the ribosomal genes 18S rRNA and 28S rRNA were divided into 29 and 50 homologous regions, respectively, after their secondary structure (Clark et al., 1984; Hendriks et al., 1988) and incorporated to the analysis via direct optimization. As the COI sequences showed no variation in length, they were treated as prealigned.
The searches were run under six analytical parameter sets named 111, 121, 211, 221, 3211 and 3221 (Boyer et al., 2007; Giribet et al., 2012) to test the sensitivity of our results to different alignment patterns (Wheeler, 1995) . To ensure the recovery of all optimal trees for each parameter set, we ran timed searches (combining multiple Wagner trees, followed by subtree pruning and regrafting (SPR) + TBR + ratchet and tree fusing) followed by additional rounds of sensitivity analysis tree fusing (SATF) (Giribet, 2007) . The results for each round of tree fusing were compared to check for the stability in the results. Searches were terminated when the same result was found multiple times for a parameter set. The congruence among different parameter sets was shown on the most parsimonious tree using Navajo rugs (Giribet, 2003) .
To identify the optimal analytical parameter set, we compared the incongruent length differences index (wILD) (Wheeler, 1995; Sharma et al., 2011) for each set of parameters. The index was calculated by subtracting the steps obtained from the analyses of each individual molecular and morphological partition to the steps obtained from the analyses of the combined dataset. Optimal trees for each partition were evaluated with identical search strategies to those described above. The resulting wILD values are shown in Table 4 . Nodal support of the favoured tree was assessed via jackknife (Felsenstein, 1985) , calculated with 1000 replicates and a default 0.37 substitution rate. As resampling techniques are meaningless under dynamic homology, only those characters that were static a priori (morphology and COI) and the dynamic characters with no indels (evaluated by using the command auto_sequence_partition in POY) were resampled during jackknife calculations (Wheeler et al., 2006) .
Model-based analyses. Molecular, combined and total datasets were analysed under ML and BI approaches. 18S rRNA and 28S rRNA gene fragments were aligned independently using the L-ins-I algorithm implemented in the software MAFFT ver. 7.058 (Katoh et al., 2002 (Katoh et al., , 2010 , resulting in 1806 aligned positions for the 18S rRNA and 3410 positions for the 28S rRNA. Gaps were treated in two different ways: in one analysis, gaps were removed using the TrimAl (Capella-Guti errez et al., 2009), leaving 1149 ungapped positions for the 18S rRNA and 2678 positions for the 28S rRNA. In an alternative analysis, only ambiguously aligned positions were culled from the alignments using Gblocks ver. 0.91b (Castresana, 2000) and allowing smaller final blocks, gap position within the final blocks and less strict flanking positions. The initial alignments were reduced to 1765 positions in the 18S rRNA and 3184 positions in the 28S rRNA after this treatment. The alignment of COI protein-encoding sequences was trivial as it exhibited no variation in length. However, the sequences were aligned using MAFFT ver. 7.058 and checked for gaps and reading frame before using them in further analyses. Each molecular partition was analysed independently using BI and ML before they were combined using Sequence Matrix software (Vaidya et al., 2011) and analysed partitioned. Results obtained from the analyses of each individual gene partition were congruent with the combined analyses, independently of the analysis method and the alignment strategies. The topologies obtained from 18S rRNA and 28S rRNA analyses were nearly identical, whereas those obtained from COI were very similar as well but less resolved in the most basal splits.
ML trees were calculated using RAxML ver. 8.1.11 (Stamatakis et al., 2008) . Each molecular partition was analysed under a general time reversible model with corrections for a discrete gamma distribution (GTR+Γ), whereas the Mkv model was selected for the morphological partition (Lewis, 2001) . Nodal supports were calculated by non-parametric bootstrapping with 1000 replicates and a GTR+Γ model (Felsenstein, 1985) .
Bayesian analyses were computed with MrBayes ver. 3.2.2 (Ronquist and Huelsenbeck, 2003) . A GTR+Γ model was selected for each gene after the Akaike information criterion (AIC) estimated with jModeltest (Posada, 2008) . The morphological partition was analysed with a Mk1 model (Lewis, 2001) . Two independent runs with four Markov chains (three heated and one cold) were submitted in each analysis. The number of generations was set to 50 000 000, and each chain was sampled for every 1000 generations. The first 10 000 000 generations were discarded as burn-in. Consensus trees were built after convergence of the chains was assessed using Tracer ver. 1.4.1 (Rambaut and Drummond, 2007) .
ML and BI phylogenetic analyses in this study were run using the Cipres Phylogenetic Portal (Miller et al., 2010) .
Ancestral character state reconstruction
Ancestral character states were reconstructed with Mesquite ver. 3.0.1 (Maddison and Maddison, 2007) , using parsimony as the optimality criterion. The most relevant characters were traced on the trees (see Results and Discussion).
Results
Molecular and combined analyses: Kinorhynchus and Pycnophyes non-monophyletic
The topologies and nodal support values yielded by parsimony and model-based methods were highly congruent among the molecular and combined analyses. The character congruence analysis favoured the parameter set 3221 (wILD index = 0.007794) for the dynamic homology analyses, although the topologies yielded by all sets of parameters were nearly identical (Fig. 3a) . The monophyly of Pycnophyidae received a maximum nodal support by dynamic homology and model-based methods, with Kinorhynchus giganteus and K. yushini Adrianov, 1989 always recovered as nested amongst species of Pycnophyes, independently of the approach. The overall topology of these trees yielded two major clades with K. yushini either recovered as sister to the remaining Pycnophyidae (with maximum nodal support under parsimony) or forming a polytomy next to them (under model-based).
Within the first major clade (parsimony jackknife, PJN: 0.92; Bayesian posterior probability, BPP: 1; ML bootstrap, ML: 100) (Fig. 3) , a subclade with Pycnophyes oshoroensis and Pycnophyes tubuliferus Adrianov, 1989 branched off with maximum nodal support in all the analyses, and as sisters to a clade including P. ponticus, P. rugosus, P. robustus and Pycnophyes sp. 2012a (PJN: 0.79; BPP: 1; ML: 83).
The second clade, formed by Kinorhynchus giganteus, Pycnophyes communis, P. dentatus, P. flaveolatus, P. greenlandicus, P. kielensis, P. zelinkaei and Pycnophyes sp. 2012b was recovered with maximum nodal support values under BI analyses and relatively lower support under ML analyses and parsimony (PJN: 0.66; BPP: 1; MLB: 75) (Fig. 3) . This clade always split off into two subclades. In one of them, K. giganteus was consistently recovered next to P. communis with high nodal support (PJN: 0.95; BPP: 1; MLB: 90), both nested in a monophylum including P. greenlandicus as the sister taxon of K. giganteus and P. communis (PJN: 0.98; BPP: 0.82; MLB: 76), and Phylogenetic tree based on model-based methods. Tree topology based on the combined Bayesian analyses under less stringent cleaning. All tree topologies from the molecular (grey) and combined (black) datasets are highly congruent. Only nodal support above BPP = 0.5 or MLB = 50 are displayed. Asterisks indicate maximum nodal support (BPP = 1.00, MLB = 100). Nodal supports at the top refer to the results yielded by the sequences with less stringent cleaning. Nodal supports at the bottom refer to the results yielded by the sequences with high stringent cleaning. P. zelinkaei (PJN: 0.89; BPP: 1; MLB: 96) and Pycnophyes sp. 2012b branching off successively next to them (PJN: 0.93; BPP: 1; MLB: 100). Under the molecular analyses, the positions of P. greenlandicus and P. zelinkaei were shifted. The second subclade included P. dentatus, P. flaveolatus and P. kielensis with the highest nodal supports for the clade and its internal relationships in all the analyses.
Inclusion of all described pycnophyids: morphology rescues the molecular partitions All model-based analyses on the total dataset yielded at least seven clades independently of the analysis method and the alignment strategies, with the few exceptions mentioned below (see Fig. 4 ). This overall arrangement was congruent amongst the molecular and combined analyses (Fig. 3) , with lower nodal support in the ML analyses, more affected by the high amount of missing data. The morphological dataset yielded a similar topology as well (Fig. S1 ). The seven clades were named as follows: "Pycnophyes", "Krakenella", "Leiocanthus", "Higginsium", "Cristaphyes", "Fujuriphyes" and "Setaphyes".
Under Bayesian analyses of the combined dataset, the "Pycnophyes" clade (BPP: 0.87), "Krakenella" clade (BPP: 0.93) and the species Pycnophyes zelinkaei, Kinorhynchus ilyocryptus Higgins, 1961 and Pycnophyes sp. 2012b formed a clade (BPP: 0.58). Clades of "Pycnophyes" + "Krakenella" and "Pycnophyes" + "Krakenella" + Kinorhynchus ilyocryptus were recovered with BPP 0.58 and 0.52, respectively. The latter clade together with P. zelinkaei showed close relationships, with BPP 0.84. The clades "Leiocanthus" (BPP: 0.61), "Higginsium" (BPP: 0.54) and "Cristaphyes" (BPP: 0.78), formed another monophylum (BPP: 0.63). The latter two clades showed a closer relationship, with BPP 0.57. The other two clades, named "Fujuriphyes" and "Setaphyes", were recovered with BPP >0.99. The remaining pycnophyids were recovered as a polytomy near the root of the tree.
The internal relationships of "Leiocanthus", "Higginsium", "Fujuriphyes" and "Setaphyes" were well resolved. The clade "Leiocanthus" split into two subclades, named "P. chalgap-P. faveolus" (BPP: 0.91; with three species forming a polytomy) and "P. emarginatus-K. fimbriatus" (BPP: 0.54; excluding P. emarginatus Higgins, 1983 BPP: >0.99) . By contrast, the relationships within the clades "Pycnophyes", "Krakenella" and "Cristaphyes" resulted in polytomies, with only a few subclades consistently recovered among the analyses. We recovered two subclades within "Pycnophyes": "P. communis-K. paraneapolitanus" (BPP: 0.96) and "P. frequens-P. schornikovi" (BPP: 0.86). "Krakenella" appeared as a polytomy with two subclades, "P. smaug-P. farinellii" (BPP: >0.99) and "P. barentsi-P. mokievskii" (BPP: 0.84), branching off next to P. borealis and P. spitsbergensis, and P. greenlandicus diverging next to all of them. Within the "Cristaphyes" two well-supported subclades formed a polytomy: "K. belizensis-K. rabaulensis" (BPP: 0.98) and "P. cristatus-P. cryopygus" (BPP: 0.93).
The topologies under ML were similar with only a few differences. Pycnophyes australensis was recovered within the clade "Setaphyes"; the two major subclades in "Leiocanthus" were paraphyletic; and Pycnophyes parasanjuanensis Higgins, 1996, Pycnophyes sanjuanensis Higgins, 1961 and Pycnophyes sp. 2012b branched off next to the large clade formed by "Pycnophyes", "Krakenella", P. zelinkaei and Kinorhynchus ilyocryptus. Parsimony analyses with PAUP of the morphological dataset yielded a single most parsimonious tree with 642 steps (Fig. S1) . Bootstrap values were lower at the most inclusive clades, increasing towards the derived splits of the tree. The obtained topology was mostly congruent with those recovered in the other analyses. The parsimony analyses failed to recover "Krakenella". Instead, species of "Krakenella" split off serially near the root of Pycnophyidae. The clade "Higginsium" was polyphyletic, with Kinorhynchus cataphractus Higgins, 1961 , Kinorhynchus erismatus Higgins, 1983 and Kinorhynchus trisetosus Higgins, 1983 recovered together with "Cristaphyes". "Setaphyes" was monophyletic, but nested within a clade including the remaining Pycnophyidae, except for K. cataphractus, K. ilyocryptus, Kinorhynchus stenopygus Higgins, 1983, P. zelinkaei and Pycnophyes sp. 2012a.
Character transformations
Pycnophyidae was supported by the transformation of six characters (see Fig. 4 ). Even though the internal topologies of Pycnophyidae yielded by the different analyses were not exactly the same, both were congruent and showed congruent species compositions (see also Taxonomic implications of the analysis: new classification of Pycnophyidae).
The clade "Leiocanthus" was supported by the presence of smooth posterior dorsal margin on segments 7, 8 and 9 (unique apomorphies, characters 37, 38 and 39). The clade divides into two subclades, each supported by unique apomorphies. The subclade rooted by Pycnophyes chalgap S anchez et al., 2013 is supported by the presence of smooth posterior dorsal margin on segments 5 and 6 (characters 35 and 36).
Smooth posterior dorsal margins are also present on segments 2, 3 and 4 (unique apomorphies, characters 32, 33 and 34) in all species of this subclade, except for P. chalgap, which instead has middorsal elevations. Within "Leiocanthus", the presence of middorsal elevations (plesiomorphic condition of Pycnophyidae) is retained on segments 2, 3 and 4 in P. chalgap and the subclade rooted by Pycnophyes emarginatus. The subclade rooted by Kinorhynchus mainensis Blake, 1930 was supported by the presence of ventrolateral setae, absence of ventromedial setae and three pairs of ventral sensory spots on segment 9 (characters 77, 87, 88), although all these characters show low homoplasy.
"Cristaphyes" was supported by the presence of middorsal processes on segments 2, 3, 4 and 5 (characters 32, 33, 34 and 35, unique apomorphies). The subclade rooted by Pycnophyes cryopygus Higgins and Kristensen, 1988 was supported by the presence of middorsal process on segment 10 (character 40, unique apomorphy). The subclade "P. cristatus-P. furugelmi" was supported by the presence of a conspicuous middorsal process on segment 10 extending beyond the terminal end of the trunk (character 41, unique apomorphy). Additionally, "Cristaphyes" was supported by several apomorphies, but which appeared homoplasious, with the presence of middorsal processes on segment 6 (character 36; also present in Kinorhynchus trisetosus), and on segments 7, 8 and 9, present in all species of "Higginsium" as well as in P. dentatus and P. flaveolatus belonging to the clade "Setaphyes" (two gains in total) (characters 37, 38 and 39; except on segment 7 in Pycnophyes dolichurus S anchez et al., 2011).
"Higginsium" was defined by a combination of character traits: middorsal elevations never surpassing the posterior margin of the segment on segments 2-5, middorsal processes surpassing the margin of some segments 6-9, and presence of ventrolateral setae on segment 5 (characters 32-39, 73). Middorsal processes on segments 7, 8 and 9 (characters 37, 38 and 39; except on segment 7 in Pycnophyes dolichurus, which presents a middorsal elevation) were present in all species of "Cristaphyes", as well as in P. dentatus and P. flaveolatus (belonging to "Setaphyes"). Only a single apomorphy, i.e. the presence of ventrolateral setae on segment 9 (character 77) supported the clade, but this character evolved convergently three other times outside "Higginsium". Several apomorphies support "Krakenella", although all of them showed a certain degree of homoplasy in other clades. "Krakenella" was supported by a combination of characters: absence of paradorsal setae along the whole trunk segments (if present it occurred on a single segment only) (characters 42-51) together with the presence of middorsal elevations on all segments 2-9 (characters 32-39). Other Pycnophyidae lack paradorsal setae on certain segments, but the absence of paradorsal setae on all segments was only shared by the species recovered into "Krakenella", and in the subclades "P. cristatus-P. furugelmi" and "P. sculptus-P. lageria".
Additional apomorphic characters included the presence of scattered dot-shaped dorsal cuticular scars along the trunk (character 28; with a single reversion in "P. farinellii-P. argentinensis"; and a gain in "Setaphyes"); and a total trunk length over 800 lm (character 4, recovered in additional clades by six gains).
"Setaphyes" was supported by a combination of apomorphies, with homoplasy in other clades: presence of paradorsal setae on segments 2-9 (characters 43-50) and presence of lateroventral setae on segments 2-10 (characters 61-67). Moreover, the apomorphic presence of lateroventral setae and absence of ventrolateral setae on segment 5 was shared by all species within "Setaphyes" and Pycnophyes lageria S anchez et al., 2014 (characters 64, 73) . The presence of pachycycli with well-developed peg and socket joints on segments 2 and 3 only was shared with three other species (character 27; two additional losses). The presence of dorsal and ventral scattered dot-shaped cuticular scars was also recovered in "Krakenella" (characters 28, 29, one and two additional gains). Pycnophyes australensis Lemburg, 2002 was recovered for this clade in the ML analyses. It presents many of the characters mentioned above, and differs only in the distribution of pachycycli with peg and socket joints.
The clade "Fujuriphyes" was supported by the combination of two apomorphies with homoplasy, namely the presence of ventrolateral setae (character 71) and the absence of ventromedial setae on segment 3 (character 79), which was only shared with Pycnophyes faveolus Brown, 1985 . Additional apomorphies Fig. 4 . Phylogenetic relationships of Pycnophyidae from the total dataset. Tree topology based on the total Bayesian analyses. Tree topologies from total ML analyses were highly congruent. Only nodal support above BPP = 0.5 or MLB = 50 are displayed. Asterisks indicate maximum nodal support (BPP = 1.00, MLB = 100). Nodal supports at the top refer to the results yielded by the sequences with less stringent cleaning. Nodal supports at the bottom refer to the results yielded by the sequences with high stringent cleaning. Black bars correspond to apomorphies. Grey triangles correspond to homoplastic characters used to characterize the clade. White triangles correspond to reversions. Each bar or triangle corresponds to the character specified by the numbers outside the bar. Numbers after characters correspond to the character state for multistate characters. Names in bold followed by an asterisk mark species coded with molecular and morphological data. Drawings correspond to Pycnophyidae whose morphology fit with the diagnosis of each genus (scale bars: 100 lm).
included the presence of peg and socket joints on segments 2-5 only (character 27; except for Kinorhynchus distentus Higgins, 1983 with peg and sockets also present on the segments 6 and 7) present also in three species in the clade "Krakenella" (a single additional gain), and the presence of ventrolateral setae and absence of ventromedial setae on segment 7 (characters 75, 84; except for K. distentus, with a reversion).
The clade "Pycnophyes" presented several apomorphies, although the characters behind these apomorphies showed a certain degree of homoplasy in other clades. "Pycnophyes" was supported by a combination of characters: presence of paradorsal setae on segments 4, 6 and 8, being absent on the remaining segments (characters 42-51), combined with the presence of middorsal elevations on all segments 2-9 (characters 32-39). The clade was furthermore supported by the following apomorphic character states (that were recovered convergently in other parts of the tree also): presence of groove-shaped dorsal and ventral cuticular scars along the trunk segments (characters 28-29); short lateral terminal spines when these are present (character 1); ventral sensory spots mesially located to the ventromedial setae on most segments (character 80). Despite Pycnophyes norenburgi Herranz et al., 2014 differing from the remaining species of the clade at some points, such as absence of paradorsal setae on segment 8, it shared most of the above-mentioned characters with them. Although Kinorhynchus ilyocryptus was only recovered as part of the clade "Pycnophyes" in one ML analysis, its morphological characters were congruent with those of the clade.
Discussion
Phylogeny of Pycnophyidae
The monophyly of Pycnophyidae was fully supported in all our analyses, which was congruent with previous studies (Dal Zotto et al., 2013; Yamasaki et al., 2013; Sørensen et al., 2015) . The topologies obtained from the molecular and combined datasets were highly congruent under both dynamic homology and model-based methods, differing only in the position of Kinorhynchus yushini, Pycnophyes greenlandicus and P. zelinkaei. ML and Bayesian analyses of the total dataset yielded nine and seven clades within the family, respectively, but only the clades recovered in both analyses are erected as new genera. Several of these new clades were relatively well supported, despite the large amount of missing data. Exceptions were "Leiocanthus", "Higginsium" and "Cristaphyes", which received lower nodal supports, but also accommodated most of the species represented only by the morphological partition.
The end of the traditional arrangement: conspicuous traits without phylogenetic relevance. Neither Pycnophyes nor Kinorhynchus were supported as monophyletic in any analyses, as species of Kinorhynchus always were recovered amongst Pycnophyes species. The potential paraphyly of both genera has previously been addressed by other authors (Higgins, 1962; Brown, 1985; Neuhaus, 1993; Lemburg, 2002) . Kinorhynchus is solely distinguished from Pycnophyes by the absence of lateral terminal spines (Fig. 2i,j) . However, Kinorhynchus has articulated bulbous protrusions at the same position as the lateral terminal spines in Pycnophyes (Fig. 2k-m) . The protrusions are provided with thick cuticle, a central canal and a blunt terminal end (see S anchez et al., 2014a) . In fact, these bulbous structures resemble the developmental stages of the lateral terminal spines in Pycnophyes, Paracentrophyes and Mixtophyes (Neuhaus, 1993 (Neuhaus, , 1995 Lemburg, 2002; S anchez et al., 2014a) . This observation together with our results suggests that the alleged absence of lateral terminal spines in Kinorhynchus actually represents rudimental stages of the structures, which have evolved convergently.
Taxonomic implications of the analysis: new classification of Pycnophyidae. Neither our topologies nor the character tracing (with high homoplasy for the lateral terminal spines) supported the monophyly of Kinorhynchus, and Pycnophyidae was instead recovered as divided into seven clades. Kinorhynchus is hence synonymized with Pycnophyes, with the latter retaining the priority and surviving redefined as one of the genera of the family. The remaining pycnophyid species were arranged in six clades, all erected as new genera. Two additional clades were recovered in ML, but we did not find enough support to erect them as new genera. Although the phylogenetic positions of several species were unclear and they did not fit with the emended diagnosis of Pycnophyes, we assigned them to this genus tentatively, until new material or new phylogenetic studies resolve their positions. These species are as follows: K. stenopygus, P. oshoroensis, P. tubuliferus, P. zelinkaei, Pycnophyes sp. 2012a, as well as those species recovered in the two additional clades in LM analysis, P. parasanjuanensis, P. sanjuanensis and Pycnophyes sp. 2012b, K. apotomus, P. almansae, P. egyptensis, P. neuhausi, P. newguiniensis, P. newzealandiensis and P. robustus. Hence, future researchers should be aware that the generic adscription of these species is tentative, provisional and not derived from phylogenetic arguments. The combinations of characters that support the genera are summarized in Table 5 . Schematic ventral and dorsal drawings showing the main diagnostic characters for each of the genera are summarized in Appendix S2. The old and the new names assigned after this work for each species are summarized in Table 6 .
Pycnophyidae Zelinka, 1896 (emended) Type genus. Pycnophyes Zelinka, 1907 (emended) Genus composition. Pycnophyes comb. nov., Leiocanthus gen. nov., Cristaphyes gen. nov., Higginsium gen. nov., Krakenella gen. nov., Setaphyes gen. nov. and Fujuriphyes gen. nov. Emended diagnosis (from Higgins, 1990) : Allomalorhagida with segment 1 consisting of one tergal plate, two episternal plates and a single midsternal plate; segments 2-11 with one tergal and two sternal plates; males with two pairs of long and flexible penile spines located between segments 10 and 11 and usually with a pair of large ventral tubes on segment 2; well-developed pachycycli, peg and socket joints, and apodemes (anteromesial thickenings of ventral pachycycli); seven placids: four dorsal and two or four ventral; 14 trichoscalids (seven dorsal and seven ventral) without trichoscalid plates; nine thin, long and flexible non-articulated outer oral styles. Spines and spinose processes are absent on all segments, whereas middorsal processes or elevations may be present. Cuticular setae may be present in various positions.
Leiocanthus gen. nov Type species (type by original designation). Leiocanthus pardosi comb. nov. (S anchez et al., 2013) . Species composition. All species in the clade "Leiocanthus" (Leiocanthus chalgap comb. nov. (S anchez et al., 2013) , Leiocanthus sp. nov. 4, L. corrugatus comb. nov. (Higgins, 1983) , L. ecphantor comb. nov. (Higgins, 1983) , L. emarginatus comb. nov. (Higgins, 1983) , L. faveolus comb. nov. (Brown, 1999 in Adrianov and Malakhov, 1999) , L. fimbriatus comb. nov. (Higgins, 1982) , L. lageria comb. nov. (S anchez et al., 2014) , L. langi comb. nov. (Higgins, 1964) , L. mainensis comb. nov. (Blake, 1930) , L. pardosi comb. nov. (S anchez et al., 2013) , L. sculptus comb. nov. (Lang, 1949) ). Diagnosis. Smooth posterior dorsal margins present on segments 7-10, absence of middorsal structure specializations; middorsal elevations may occur from 
LTS, lateral terminal spines; LV, lateroventral; TL, total trunk length, VL, ventrolateral. Table 6 the anterior segments until segment 6, otherwise with smooth posterior dorsal margin on all segments; laterodorsal setae often on each segment 2-9, sometimes absent on some segments; ventrolateral setae at least on segment 5; ventromedial setae often on segments 3-9, sometimes absent and substituted by ventrolateral or paraventral setae; well-developed pachycycli and peg and socket joints of similar sizes on segments 2-10, sometimes reduced on posterior segments. Etymology. From Greek leio, smooth, even + kanthus, edge, border. Masculine gender.
Cristaphyes gen. nov Type species (type by original designation). Cristaphyes carinatus comb. nov. (Zelinka, 1928) . Species composition. All species in the clade "Cristaphyes" (Cristaphyes abyssorum comb. nov. (Adrianov and Maiorova, 2015) , C. anomalus comb. nov. (Lang, 1953) , C. arctous comb. nov. (Adrianov, 1999 in Adrianov and Malakhov, 1999) , C. belizensis comb. nov. (Higgins, 1983) , C. carinatus comb. nov. (Zelinka, 1928) , C. chilensis comb. nov. (Lang, 1953) , C. chukchiensis comb. nov. (Higgins, 1991) , C. cristatus comb. nov. (S anchez et al., 2013) , C. cryopygus comb. nov. (Higgins and Kristensen, 1988) , C. furugelmi comb. nov. (Adrianov, 1999 in Adrianov and Malakhov, 1999) , C. longicornis comb. nov. (Higgins, 1983) , C. nubilis comb. nov. (S anchez et al., 2014) , C. odhneri comb. nov. (Lang, 1949) , C. phyllotropis comb. nov. (Brown and Higgins, 1983) , C. rabaulensis comb. nov. (Adrianov, 1999 in Adrianov and Malakhov, 1999) , C. spinosus comb. nov. (Lang, 1949) , C. yushini comb. nov. (Adrianov, 1989) ).
Diagnosis. Pycnophyidae with middorsal processes surpassing the posterior margins of segments 2-9, often on segments 1 and 10 as well; middorsal process of segment 10 often well developed, pointed tip, extending beyond the terminal trunk segment; sometimes keelshaped middorsal processes on segments 1-10; middorsal processes of anterior segments often of similar sizes, turning progressively longer towards the posterior end; well-developed pachycycli and peg and socket joints of similar sizes on segments 2-10, sometimes reduced on posterior segments. Etymology. From Latin crista crest, + Greek phyes, the commonly used suffix in names of Allomalorhagid genera. The name makes reference to the conspicuous keel-shaped middorsal processes of trunk segments. Masculine gender.
Higginsium gen. nov Type species (type by original designation). Higginsium erismatum comb. nov. (Higgins, 1983) . Species composition. All species in the clade "Higginsium" (Higginsium cataphractum comb. nov. (Higgins, 1961) , H. dolichurum comb. nov. (S anchez et al., 2011) , H. erismatum comb. nov. (Higgins, 1983) , H. trisetosum comb. nov. (Higgins, 1983) ). Diagnosis. Pycnophyidae with middorsal elevations never surpassing the posterior margin of segments 2-5; middorsal processes surpassing the posterior margin of any posterior segment (6-9), otherwise with middorsal elevations instead; paradorsal setae on segments 2, 4, 6 and 8 only, sometimes on segment 3; laterodorsal setae on segments 2-9, sometimes absent on segment 2; lateroventral setae always on segments 2, 4, 6-8; ventrolateral setae at least on segments 5 and on any additional posterior segment (7-9); well-developed (Martorelli and Higgins, 2004) , K. barentsi comb. nov. (Adrianov, 1999 in Adrianov and Malakhov, 1999) , K. borealis comb. nov. (Higgins and Korczynski, 1989) , K. canadensis comb. nov. (Higgins and Korczynski, 1989) , K. galtsovae comb. nov. (Adrianov, 1999 in Adrianov and Malakhov, 1999) , K. greenlandica comb. nov. (Higgins and Kristensen, 1988) , K. farinellii comb. nov. (S anchez et al., 2014), K. maxima comb. nov. (Reimer, 1963) , K. mokievskii comb. nov. (Adrianov, 1995) , K. smaug comb. nov. (S anchez et al., 2013) , K. spitsbergensis comb. nov. (Adrianov, 1995) ). Diagnosis. Very large Pycnophyidae, ranging from 800 lm up to 1 mm in total trunk length; middorsal elevations never surpassing the posterior margin of segments 2-9 (males of K. galtsovae with less conspicuous middorsal structures on the posterior segments); scarce in setae, paradorsal setae absent along the trunk (present only on segment 6 in K. greenlandica); often with dot-shaped dorsal cuticular scars scattered along the trunk segments. Etymology. From Kraken, marine monster of the Scandinavian mythology + Latin -ella diminutive suffix. Feminine gender.
Setaphyes gen. nov Type species (type by original designation). Setaphyes dentatus comb. nov. (Reinhard, 1881) . Species composition. All species in the clade "Setaphyes" (Setaphyes dentatus comb. nov. (Reinhard, 1881) , S. flaveolatus comb. nov. (Zelinka, 1928) , S. iniorhaptus comb. nov. (Higgins, 1983) , S. kielensis comb. nov. (Zelinka, 1928) ) plus S. australensis comb. nov. (Lemburg, 2002) . Diagnosis. Pycnophyidae without ventrolateral setae on segment 5, absent on segments 2-9; peg and socket joints reduced on the posterior segments, often well developed on segments 2 and 3 only; scattered dotshaped cuticular scars at both dorsal and ventral sides; middorsal elevations never surpassing the posterior margin of segments 2-6; middorsal process surpassing the posterior margin of segments 7-9 may be present, otherwise with middorsal elevations instead; paired or unpaired paradorsal setae on segments 2-9; lateroventral setae on segments 2-10. Etymology. From Latin seta, seta, hair + Greek phyes, the commonly used suffix in names of Allomalorhagid genera. The name refers to the abundant setae on the trunk segments. Masculine gender. Remarks. Setaphyes australensis is provisionally assigned to this genus as it shares many of its diagnostic features, and only differs in the distribution of pachycycli with peg and socket joints.
Fujuriphyes gen. nov Type species (type by original designation): Fujuriphyes ponticus comb. nov. (Zelinka, 1928) . Species composition. All species in the clade "Fujuriphyes" (Fujuriphyes deirophorus comb. nov. (Higgins, 1983) , F. distentus comb. nov. (Higgins, 1983) , F. ponticus comb. nov. (Zelinka, 1928) , F. rugosus comb. nov. (Zelinka, 1928) , Fujuriphyes sp. nov. 5). Diagnosis. Pycnophyidae with ventrolateral setae on segment 5 and on additional segments, from segments 3 to 9; ventromedial setae absent on the segments where the ventrolateral setae are present, except for segment 5 with both ventromedial and ventrolateral setae present; peg and socket joints reduced on the posterior segments, often well developed on segments 2-5 only; middorsal elevations never surpassing the posterior margin of segments 2-9; paradorsal setae on segments 2, 4, 6 and 8 only; laterodorsal setae on segments 2-9; lateroventral setae on segments 2, 4, 6, 8 and 10 only; ventral setae not longitudinally aligned along the trunk segments; when present, lateral terminal spines are long, with a lateral terminal spine/total trunk length proportion of >30%; often without ventral tubes on segment 2 in males. Etymology. From Fujur, the dog-dragon in the novel The Never-ending Story by M. Ende + Greek phyes, the commonly used suffix in names of Allomalorhagid genera. The name adds to the list of kinorhynch (mud dragons) species named after dragons and also refers to the study of kinorhynch phylogeny as a "neverending story". Masculine gender.
Pycnophyes Zelinka, 1907 (emended) Type species. Pycnophyes communis Zelinka, 1908 . Species composition. All species in the clade "Pycnophyes" (Pycnophyes aulacodes S anchez et al., 2011 , P. beaufortensis Higgins, 1964 , P. calmani Southern, 1914 , Pycnophyes communis (Zelinka, 1908 , P. frequens Blake, 1930 , P. giganteus comb. nov. (Zelinka, 1908 , P. norenburgi Herranz et al., 2014 , P. paraneapolitanus comb. nov. (Sheremetevskij, 1974 , P. schornikovi Adrianov, 1999 in Adrianov and Malakhov, 1999) plus P. ilyocryptus comb. nov. (Higgins, 1961) , P. oshoroensis Yamasaki et al., 2012 , P. stenopygus comb. nov. (Higgins, 1983 , P. tubuliferus Adrianov, 1989 , P. zelinkaei Southern, 1914 , Pycnophyes sp. 2012a , P. parasanjuanensis Adrianov and Higgins, 1996 , P. sanjuanensis Higgins, 1961 , Pycnophyes sp. 2012b , P. almansae S anchez et al., 2014 , P. apotomus comb. nov. (Higgins, 1983 , P. egyptensis Higgins, 1966 , P. neuhausi Higgins, 2004 in Martorelli and Higgins, 2004 , P. newguiniensis Adrianov, 1999 in Adrianov and Malakhov, 1999 , P. newzealandiensis Adrianov, 1999 in Adrianov and Malakhov, 1999 and P. robustus Zelinka, 1928 . Diagnosis (emended from Adrianov and Malakhov, 1999) . Pycnophyidae with middorsal elevations that never surpass the posterior margin of segments 2-9; paired or unpaired paradorsal setae on segments 4, 6 and 8 only; laterodorsal setae on segments 2-9; lateroventral setae on segments 2, 4, 6 and 8, absent on uneven-numbered segments except for segment 9 where they may be present; ventrolateral setae on segment 5 only; ventromedial setae on segments 3-9; intracuticular pores along the trunk surface; when present, lateral terminal spines are short, with a lateral terminal spines/total trunk length proportion of <20%; often with groove-shaped dorsal and ventral cuticular scars along the trunk, midventral midsternal projection on segment 1 and ventral sensory spots mesially located to the ventromedial setae on most segments; well-developed pachycycli and peg and socket joints of similar sizes on segments 2-10, sometimes reduced on posterior segments. Remarks. Despite Pycnophyes norenburgi differing from the remaining species of the genus in the absence of paradorsal setae on segment 8 and presence of laterodorsal setae on segment 9 in males only, we keep the species within this genus until new studies have been carried out. The morphological characters of Pycnophyes ilyocryptus were congruent with the emended diagnosis and apomorphies of Pycnophyes in our analyses. Therefore, the species is provisionally assigned to this genus.
Kinorhynchus is synonymized with Pycnophyes (see above). Although P. oshoroensis, P. stenopygus, P. tubuliferus, P. zelinkaei, Pycnophyes sp. 2012a, P. parasanjuanensis, P. sanjuanensis, Pycnophyes sp. 2012b, P. almansae, P. apotomus, P. egyptensis, P. neuhausi, P. newguiniensis, P. newzealandiensis and P. robustus did not fit the emended diagnosis of Pycnophyes they are tentatively assigned to the type genus of the family (see above). Pycnophyes zelinkaei and Pycnophyes sp. 2012a had several autapomorphies and very divergent morphologies, leaving their phylogenetic affinities as uncertain; by contrast, the remaining spe-cies were recovered under different assemblages in our analyses, but no unique combination of characters was found.
Morphological character evolution
Inclusion of the morphological partition. The large fraction of missing data caused by the inclusion of pycnophyids represented by morphology only resulted in lower nodal supports and polytomies in our topologies, which was a consequence of the rogue behaviour of some terminals (Giribet et al., 2012; Mart ınez et al., 2015) . However, it also provided additional information and improved understanding of pycnophyid evolution. Total evidence analyses including all the pycnophyid species helped to resolve the position of Cristaphyes yushini, the most unstable terminal in the molecular and combined analyses. In the total evidence analysis C. yushini was unambiguously recovered in a large, well-supported clade together with 32 species none of which was represented by molecular data. The instability of this species was probably related to insufficient taxon sampling. This may also be the case with Pycnophyes zelinkaei, with its highly divergent morphology. The species was recovered in a large clade together with "Pycnophyes", "Krakenella", Pycnophyes ilyocryptus and Pycnophyes sp. 2012b. Discovery of new taxa might provide further information allowing the placement of this species as well.
Morphology also revealed several large clades of taxa that were not included in our molecular datasets. These clades were recovered with high nodal support and defined by several unique apomorphies, showing novel aspects of the evolution of Pycnophyidae. Some of these clades showed unique combinations of characters. For instance, Leiocanthus gen. nov. is defined by the absence of middorsal specializations, and Krakenella gen. nov. is supported by the absence of middorsal setae and a long trunk length.
Moreover, morphology compensated for the geographical bias of our molecular dataset, mostly consisting of European and East Asian species due to the major sampling effort performed in these two areas (see Table 1 ). This is a common problem not only to many phylogenetic analyses, but also to more general taxonomic studies, and might confound the actual biogeographical patterns in certain groups (Curini-Galletti et al., 2012) , or generate patterns strongly biased by the sampling effort. In our case, inclusion of all described species revealed an entire clade dominated by deep-sea and Arctic species (see below), only represented by Krakenella greenlandica in our molecular dataset.
Lastly, assuming the methodological problems, our total dataset also provided significant aspects of the character evolution within the group and allowed us to test morphological hypotheses proposed in previous morphological studies.
Recursive loss of ventral tubes in males. The presence of male-specific ventral tubes on segment 2 was apomorphic for Pycnophyidae (Sørensen et al., 2015) , although they were absent in some species (Neuhaus, 2013; S anchez et al., 2014b) . The paired ventromedial tubes might have a secretive function, possibly involved in reproduction (see Fig. 2h ), and they have traditionally been referred to as adhesive tubes (Zelinka, 1928; Higgins, 1983; Kristensen and Higgins, 1991) . Species of Neocentrophyidae lack tubes on segment 2, whereas many species of Dracoderes, Franciscideres and several cyclorhagid genera, including Echinoderes, also bear a pair of tubes on segment 2, but they are present in both sexes and in a different position, and might therefore not be homologous to those in Pycnophyidae (Sørensen and Pardos, 2008; Sørensen et al., 2012; Dal Zotto et al., 2013; Thomsen et al., 2013) .
Recently, S anchez et al. (2014b) addressed the absence of ventral tubes on segment 2 in Cristatus longicornis, Cristatus chilensis, Fujuriphyes rugosus, Fujuriphyes ponticus, Fujuriphyes sp. nov. 5, Pycnophyes egyptensis, Leiocanthus sp. nov. 4, Krakenella farinellii, Higginsium dolichurum and Leiocanthus ecphantor. These species also shared the presence of long lateral terminal spines (LTS/total trunk length >30%), another uncommon trait in the family, which together suggest that these species might be closely related. However, these ten species were not recovered together in our analyses, which instead showed several independent losses of tubes in males and gain of large lateral terminal spines in the family.
Middorsal structure specializations. Middorsal structure specializations on the posterior margin of trunk segments, including spines, spinose processes, processes and elevations, have been commonly used as taxonomic characters in Kinorhyncha (see Fig. 1 ). They all consist of hollow structures with rigid walls and closed tips, differing among them in their length and morphology. Middorsal spines, spinose processes and processes are all cuticular protrusions. However, while spines are rigid and articulated at their bases, middorsal spinose processes are flexible and nonarticulated, and processes are non-articulated and rigid. Middorsal elevations are inconspicuous short cuticular structures (see Appendix S1 Character descriptions).
Spines are present in all Cyclorhagida, whereas their occurrence is scarcer amongst the Allomalorhagida species. Franciscideridae and Dracoderidae have spines on several segments, whereas all Neocentrophyidae bear spines on the last trunk segments and middorsal spinose processes on the remaining ones ( Fig. 1b,g) . Besides the lateral terminal ones, spines are never present in Pycnophyidae. Instead these species are equipped with middorsal processes, middorsal elevations or no middorsal specializations at all ( Fig. 1c-e, h-o) . Neuhaus (1993 Neuhaus ( , 2013 suggested a homology between the middorsal spines and middorsal spinose processes in Neocentrophyidae. The middorsal structure specializations present in the early juvenile stages of Neocentrophyidae (middorsal processes, N. S anchez pers. observ.) develop through multiple moults into middorsal spinose processes on the anterior segments of the adult and middorsal spines on the posterior ones (N. S anchez pers. observ.; Neuhaus, 1995) . Moreover, middorsal specializations are also present in juvenile stages of Pycnophyidae ( Fig. 1f ) (middorsal processes, N. S anchez pers. observ.), in adults either disappearing or giving rise to processes or elevations (N. S anchez pers. observ.; Brown, 1985; Higgins and Kristensen, 1988; Neuhaus, 1993; Lemburg, 2002) . These observations, together with our character tracing, suggested a homology of these structures, with a transformation series from the middorsal spines into middorsal spinose processes on the anterior segments in Neocentrophyidae and middorsal elevations on all segments in Pycnophyidae. Within Pycnophyidae, middorsal elevations were lost in Leiocanthus gen. nov. (Fig. 1i k, o) or transformed into middorsal processes in Cristaphyes gen. nov. (Fig. 1h) , as well as on certain segments of Higginsium gen. nov., Setaphyes dentatus and S. flaveolatus (Fig. 1l ) (see Fig. 4 ).
As spines, middorsal spinose processes and processes are present in juveniles of Allomalorhagida, their presence in adults of Neocentrophyidae and Pycnophyidae might represent a retention of juvenile characters. Neocentrophyidae always have middorsal spinose processes on segments 1-9 and spines on segments 10 and 11 in males or 11 in females (Fig. 1b) . In Pycnophyidae, the species of Cristaphyes gen. nov. have middorsal processes on segments 1-9 and sometimes also on 10 ( Fig. 1c,h) , whereas those of Higginsium gen. nov., Setaphyes dentatus and S. flaveolatus have middorsal processes on segments 7-9, and middorsal elevation on segments 1-6 ( Fig. 1l,m ) (see Fig. 4 ). The retention of juvenile states might be more general in some of these species, as in the adults of Cristaphyes gen. nov. (Fig. 1c, h) the length of middorsal processes increases towards the posterior end, as in the juveniles of all kinorhynchs (Fig. 1f) (Brown, 1985; Higgins and Kristensen, 1988; Neuhaus, 1993 Neuhaus, , 1995 Neuhaus, , 2013 Lemburg, 2002) .
Distribution of setae along the trunk. Except for Cristaphyes carinatus and Higginsium trisetosum, all Pycnophyidae species present a single pair of ventral setae on segments 3-4 and 6-9, aligned as a row along the trunk in ventromedial or ventrolateral position. Two pairs are only present on segment 5, one in ventrolateral and one in ventromedial position. This distribution of setae represents the plesiomorphic condition of the family and it is retained in most species. Setae distributions on segments 2 and 10 are more variable and depends on sexual dimorphism or yielded ambiguous character optimizations.
Optimization of the ventrolateral setae patterns in Pycnophyidae yielded presence of ventrolateral setae on segment 5 and absence on segments 3-4 and 6-9 as the plesiomorphic condition of the family. The ventrolateral setae on segment 5 were lost in Setaphyes gen. nov., Leiocanthus lageria and Krakenella argentinensis, whereas the ventrolateral setae on the remaining segments were convergently gained in Fujuriphyes gen. nov. and as apomorphic of a few species.
Distribution of sensory spots. Three different types of sensory spots are known from kinorhynchs, and they may be present in both adults and juvenile stages ( Fig. 2d-f) (Neuhaus, 1993; Lemburg, 2002; Sørensen et al., 2010b) , although they are rarely reported in the literature because they are hard to visualize by LM. The plesiomorphic condition for Pycnophyidae was the presence of one ventral pair of sensory spots on segments 3-9, of either type 1 or type 2 (Fig. 2f) , located lateral to the ventromedial setae. This number of sensory spots, except for that on segment 9, was retained in most of the species. On segment 9, the number of sensory spots showed several transformation series, with transformations from one pair to two pairs in many species, and from two pairs to three pairs in Cristaphyes phyllotropis, in the subclade rooted by Leiocanthus mainensis and in "Pycnophyes paraneapolitanus-Pycnophyes communis". The position of the sensory spots shifted convergently from lateral to mesial in relation to the ventromedial seta in the genus Pycnophyes ( Fig. 2f ) and in the wellsupported subclade "Cristaphyes cristatus-C. furugelmi" (see below).
Pachycycli and peg and socket joints. The presence of pachycycli with well-developed peg and socket joints articulating the dorsal and tergal plates on segments 2-10 (see Fig. 2a and Appendix S1 Character descriptions) was a unique apomorphy of Pycnophyidae. The peg and socket joints were reduced convergently on segments 8-10 of several species. The reduction of peg and socket joints was less homoplastic towards the anterior segments, being retained independently on segments 2-5 twice in the subclade "Krakenella barentsi-K. mokievskii" and in Fujuriphyes gen. nov. (except for F. distentus, which had peg and socket joints on segments 2-7) and retained on segments 2 and 3 only three times independently in Setaphyes gen. nov., Krakenella spitsbergensis and "Pycnophyes almansae-Pycnophyes robustus".
Large species in cold waters. As for many other meiofaunal groups (Worsaae, 2005; Curini-Galletti et al., 2012; Di Domenico et al., 2014; Mart ınez et al., 2015; Scarpa et al., 2015) , most of the clades of our analyses are globally distributed, and only few of them exhibited different biogeographical patterns. However, Krakenella gen. nov., seven species of Cristaphyes gen. nov. and three additional species of Pycnophyidae are exclusive to cold waters, either in the deep-sea or at high latitudes (Adrianov and Malakhov, 1999; Neuhaus, 2013; S anchez et al., 2014b) . These species share a long trunk compared with other tropical or temperate species included in the analyses. The plesiomorphic total trunk length in Pycnophyidae was 600-700 lm, which evolved into longer trunks in species of cold waters, with an increase to 800-1000 lm recovered in these two groups. In addition, several deep-sea species (100-5000 m depth) were recovered in a highly supported clade (BPP: 0.99) within Cristaphyes gen. nov., and they shared the presence of conspicuously keel-shaped middorsal processes along all trunk segments as a unique apomorphic character. The keel-shaped middorsal processes increase in length towards the posterior segments, becoming a prominent keel on segment 10 that overlaps the first half of the segment 11. This is another unique apomorphy for the group (Fig. 1c ).
Evaluation of other characters used in the taxonomy of Pycnophyidae. Our analyses confirmed that several morphological characters frequently used in the taxonomy of Pycnophyidae were very homoplastic within our clades, and therefore useful for species identification due to its interspecific variability. These characters regard the distribution and number of paradorsal setae by each segment; the distribution of laterodorsal setae, often on segments 2-9; the shape of the dorsal and ventral cuticular scars; the presence/ absence of midventral projection on segment 1 (Fig. 2g, h) ; the presence of longitudinal thickening on segment 10; and the presence of dagger-shaped structures on segment 9, which are uncommon but conspicuous features, so those species that bear some of these features are easily recognizable.
Therefore, we encourage the inclusion of these traits in future species descriptions, as well as those characters with phylogenetic relevance previously referred. Moreover, we suggest the addition of several other characters in the description of species in order to have more data to code and trace character reconstruction in future studies. These characters are as fol-lows: information on juvenile stages, shape of the anterior dorsal margin (smooth/denticulated), ornamentation in the anterior dorsal area of segment 1 (i.e. reticulated and covering a wide or broad area/ornamentation as circlets), ornamentation on the lateral terminal spines, presence of cuticular ornamental wrinkles in the anteriormost region of the segments, presence and number of cuticular ridges by segment, presence of intracuticular pores along the surface.
Conclusions
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